For detection and tracking of a near space hypersonic maneuvering target in a heavy clutter environment, a novel transform domain method called Variable-Diameter-Arc-Helix Radon Transform (VDAH-RT) is proposed as a tool to integrate observations along the maneuvering path. Considering the 3D maneuvering trajectory is like a variable diameter arc helix, the trajectory of near space hypersonic target can be modeled by a variable diameter arc helix. Since the maneuvering parameters are unknown, variable diameter arc helixes with different parameters can be used to match the maneuver track. Using the idea of Radon Transform(RT), the problem of maneuvering trajectory detection and tracking is transformed into the energy peak detection problem in VDAH-RT parameter domain. This Variable-Diameter-Arc-Helix Radon Transform (VDAH-RT) technique extends the RT or HT(Hough Transform) for straight-line features detection to an arbitrary curve trajectory. The results demonstrate that the proposed algorithm provides great advantage in the detection and tracking of a hypersonic maneuvering dim target.
I. INTRODUCTION
A near space hypersonic vehicle is a new type of weapon. It has the characteristics of super-high speed(6Ma∼20Ma) which can quickly strike any target in the world within two hours. Typical examples are the X-43 [1] , X-51 [2] , HTV-2 [3] , X-37B [4] , and X-47B [5] vehicles. Hypersonic motion in near space will generate a shock plasma [6] - [8] and the radar cross section (RCS)may decrease. When scanning at low elevation angles for a near space hypersonic target detection, the radar will face severe ground clutter or sea clutter.
For the detection of a low-observable target in a heavy clutter environment, pulse integration is one of the most effective methods. Pulse integration can be divided into coherent integration and incoherent integration. It is known that long-time coherent integration is an effective method for improving the detection performance of dim targets.
The associate editor coordinating the review of this manuscript and approving it for publication was Jinming Wen . However, with the increase of integration times, the problems of across range unit(ARU) and across Doppler unit(ADU) may severely limit the integration performance for these targets. Some signal compensation algorithms such as Polynomial Radon-Polynomial Fourier transform (PRPFT) [9] , Radon-Fourier transform (RFT) [10] - [12] , Keystone transform (KT) [13] - [15] , De-Chirp [16] , Chirp-Fourier transform [17] , Fractional Fourier transform [18] , and Polynomial Fourier method [19] , can deal partially with the above problems, but they will face two other problems. The first is that during intense target maneuver, the echo signal will lose coherency after a short time. While the second problem arises because for long-range target detection, radar generally adopts the large aperture and narrow beam system. Therefore, hypersonic tangential flight will make the target echo cross the beam. For these reasons, Long-time integration detection for near space hypersonic maneuvering targets must consist of hybrid integration of coherent integration followed by non-coherent integration. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ A radon transform(or Hough transform) [20] - [25] trackbefore-detect (TBD) algorithm is commonly known as a noncoherent integration method for finding straight-line features in two-dimensional radar data. The basic Radon transform technique works well for finding straight lines when there is little uncertainty in the measurement locations. Since near space hypersonic targets are usually far away, their observations will not lie on a straight line in a Cartesian coordinate system. In addition, a hypersonic maneuvering track will break the straight line limitation in the range-time dimension.
The S-Method is an important method for SAR/ISAR Imaging [26] and for detection [27] of fast maneuvering targets. This method can increase signal energy by searching in the time-frequency domain. The greatest advantage of this method is that it is free from the limitations of the motion model. But in the low SNR case, the signal amplitude may be smaller than the noise amplitude, and the optimal path found in detection domain may not be accurate. This result will lead to false accumulation.
Because the shape of the skipping and sliding maneuver trajectory is an arc, the trajectory of near space hypersonic target can be modeled by a variable diameter arc. Variable diameter arc helixes with different parameter can be used to match the maneuver track. Using the idea of a Radon transform(RT), the problem of maneuvering trajectory detection and tracking is transformed into the energy peak detection problem in the VDAH-RT parameter domain.
The content of this paper is organized in 6 sections. Section 1 introduces the background and aim of this paper. The mechanism of Variable-Diameter-Arc-Helix Radon Transform technique for near space targets is explained in section 2. The specific implementation process of Variable-Diameter-Arc-Helix Radon Transform method for detection and trackingof near-space targets is presented in Section 3. Comparisons among the proposed VDAH-RT, RT and S-Method are discussed in Section 4. Numerical examples are presented in Section 5. Some concluding remarks and a possible extension of this approach are given in Section 6.
II. MECHANISM OF VARIABLE-DIAMETER-ARC-HELIX RADON TRANSFORM FOR DETECTION AND TRACKING OF NEAR-SPACE TARGETS A. RADON TRANSFORM PRINCIPLE
The basic idea of Radon transform is to integrate a multivariate function in a given path. Using a Radon transform for signal detection is a non-coherent accumulation method.
When g(x, y) is integrated along a curve in a plane, the resulting image is the Radon transform of function g. For any two-dimensional function in a two-dimensional plane (x, y), a Radon transform can be written as
where s is the direction of integration, θ is the rotation angle of the coordinate axis around the center of the circle, and ρ is the distance from the origin to the integration line. Formula (1) shows that the linear Radon transform is a projection accumulation for each rotation angle as shown in the dotted part of Figure 1 . From the triangle relation, the relation between plane (x − y) and plane (ρ − s) is
After substituting Formula (2) into Formula (1), the Radon transformation can be expressed as
A Radon transform is used to map the signal space of a range-pulse domain (r −t m ) into a radon parameter space (ρ− θ) so that the signal space is treated as an image. A radon transform is used to search the target's motion trajectory along a line. The peak position of parameter space corresponds to the intercept and slope of the target's trajectory.
Therefore, we can define the Radon transform process, where the envelope track of the target in the signal space r −t m domain is regarded as an image, as follows. First, the image is rotated by using the rotation relationship from the signal space to the parameter space. (This is necessary because after rotating an amount θ i , the new position coordinate may not be an integer, the pixel value is only defined at the coordinate integer, and the rotated image coordinate can be interpolated, usually using bilinear interpolation.)Then after rotation, one must accumulate along the vertical direction to get the accumulated value corresponding to the rotation angle θ i , which traverse the search angle to get the (ρ −θ) parameter space(see Figure 1 ). Finally, in (ρ − θ) space the existence of the target is determined by detecting the peak value. From this result, the target distance and speed corresponding to the peak value are given.
B. VARIABLE-DIAMETER-ARC-HELIX RADON TRANSFORM
A near space hypersonic target trajectory may include jumping, orbit-changing maneuvers and other processes. Under these conditions, radar is faced with detection and tracking of low observable maneuvering targets in three-dimensional space under strong clutter.
For a N-frame signal of any maneuvering track (x(t), y(t), z(t)), in a Cartesian coordinate system, starting from the range unit, azimuth unit and pitch unit of the first frame signal, the projection in the range-time domain (ρ −t m ), azimuth-time domain (θ −t m ) and pitch-time domain (ϕ −t m ) can be expressed as the three functionsρ(t), θ(t), ϕ(t) respectively. The Taylor series of these three functions can be expanded as:
We define the time t corresponding to the first frame as 0. When t is 0, the corresponding distance, azimuth, and pitch are also 0, as well as α 0 , β 0 , and γ 0 Then, the trajectories (x(t), y(t), z(t)) starting from different resolution units can be expressed as
and
where, r 0 (n), θ 0 (m), ϕ 0 (k) represents the azimuth, pitch corresponding to the range unit n, azimuth resolution unit m, and pitch resolution unit k in the first frame of data.
From the above formulas, we can have
A schematic diagram of the variable diameter-arc-helix motion of a maneuvering target is shown in Figure 2 . Assuming that the maneuvering trajectory is approximated by a second order polynomial in range, azimuth and pitch, if needed, higher-order moving motion can be taken into account. The above formulas (4) (5) (6) can be converted to
where the quantity v r represents the velocity over the distance, α r represents the acceleration over the distance, v θ represents the azimuth velocity, a θ represents the azimuth acceleration, v ϕ represents the pitch angular velocity, and a ϕ represents the pitch angular acceleration. Then, we can produce the trajectories:
y(t) = r 0 (n) sin θ 0 (m) cos ϕ 0 (k)
For the maneuver trajectory h(t), the radon transformation is used to accumulate the signal energy distribution VOLUME 7, 2019 which can be transformed into parameter space along a threedimensional Cartesian coordinate system as
For each range, azimuth and pitch resolution unit, the track with the largest energy is saved as its corresponding track, and the above formula can be modified to (18) where D represents all possible trajectories corresponding to the parameters v r , a r , v θ , a θ , v ϕ , a ϕ that varies in a certain step, and π m represents the spiral trajectories of a variable radius arc corresponding to a group of parameters. Figure 3 shows the searching and matching schemas for different helix models in three-dimensional space. The threshold detection is carried out in the R(n, m, k) signal space corresponding to the resolution unit:
If there are values beyond the threshold, these signals or measurements can be found by backtracking to achieve the detection and tracking of low observable targets.
III. SPECIFIC IMPLEMENTATION PROCESS OF VARIABLE-DIAMETER-ARC-HELIX RADON TRANSFORM FOR NEAR-SPACE TARGETS DETECTION A. IMPLEMENTATION IDEA
The Variable-Diameter-Arc-Helix Radon can be implemented in reduced dimensions. We can use polynomial models to search in the range dimension, and use association gates in the azimuth-time and elevation-time dimensions. Generally, a quadratic polynomial can be used for searching in range. We can also choose cubic polynomials or higher according to the specific situation. 
B. IMPLEMENTATION OF THE VARIABLE-DIAMETER-ARC-HELIX RADON ALGORITHM
The Variable-Diameter-Arc-Helix Radon approach for tracking and detecting hypersonic maneuvering weak targets can be seen as Figure 4 . The implementation process is as follows:
Step1. Extract the radar observations from multiple radar scans (or coherent dwells), and discretize the measurement space. Then, the three-dimensional signal (or binary data) matrix s(m, n, d, k) of range-azimuth-elevation resolution cells corresponding to each scan is obtained, where m represents the range resolution cell number, m = 1, 2, . . ., M. M is the total number of range resolution cells and n stands for the azimuth resolution cell label of the signal after coherent accumulation, n = 1,2,. . . ,N. N is the total number of azimuth resolution cells and drepresents the elevation resolution cell label of the signal after a coherent accumulation, d = 1,2,. . . ,D. D is the total number of elevation resolution cells and krepresents for the label of the scanning frame, k = 1, 2, . . ., K. The element in the matrix is the signal amplitude corresponding to the resolution cell.
Step2. A pretreatment threshold is set and each element of the first frame signal matrix in the TBD sliding window is compared with the first threshold. This step is used to find points which are larger than the first threshold.
Step 3. The radial velocity, radial acceleration, angular velocity and angular acceleration of the target are taken as search parameters. Starting from first frame points beyond the first threshold, the Variable-Diameter-Arc-Helix Radon Transform is carried out in three-dimensional space of range, azimuth and elevation. This procedure can be further divided into 2 sub-steps:
(1)We first define that the inter-frame interval of radar is T, the maximum possible target radial velocity is v max , the maximum possible radial acceleration is a max , the maximum possible angular velocity is ω max , the maximum possible angular acceleration isω max , the radar range discrete element is r, and the radar angular discrete element is β. Then, the search step of the target radial velocity is v = δ · r/(TK ), where δ is the proportional coefficient, the search start-point of the radial velocity v − max = −round(v max / v) · v and the total search number of the radial velocity N v = 2 × round(v max / v) + 1, where round(·)represents the nearest integer to the real number in brackets. The search step of target radial acceleration is a = δ · 2 r/(TK ) 2 , the search start-point of radial acceleration is a − max = −round(a max / a) · a, the total search number of radial acceleration is N a = 2 × round(a max / a) + 1.
(2) Assuming that the measure point beyond the first threshold is located in the m th range resolution cell, the n th azimuth resolution cell and the h th elevation resolution unit, the signal amplitude is s(m, n, h, 1). The point can be searched and matched by Variable-Diameter-Arc-Helix Radon transform. The details are listed in Table 1 :
Step 4. Repeat the Variable-Diameter-Arc-Helix Use the Radon transform that is described in Step 3 and traverse the measurement points in a sliding window where the energy of the first frame is greater than the first threshold, and then obtain the three-dimensional energy distribution matrixs of the range-azimuth-pitch resolution cell.
Step 5. Compare the non-zero points in s (m, n, h) with the constant false alarm threshold
where η is the threshold of constant false alarm detection.
Step 6. If a target has been detected, the corresponding parameters of the target can be used to estimate the motion parameters of the target.
If the parameter corresponding to the maximum value of a target is (i I , u I ), then the radial velocity estimation iŝ The radial acceleration estimation is then
IV. COMPARISONS AMONG VDAH-RT, RT AND S-METHOD
Similar to coherent accumulation, the time of the noncoherent TBD accumulation is limited by some factors: 1) The trajectory of a near space target always is a curve, which destroys the linear trajectory precondition of the traditional Radon (or Hough) transform.
2) Due to the real-time requirement of detection and tracking and the limitation of computational complexity, the time window length of TBD processing will also be limited.
In order to illustrate the advantages of the proposed method, we simplify the problem to the distance-time plane. First, we compare the adaptability of different methods to target trajectory. Figure 5 shows the cases of a target moving with different-order motion. Similar to coherent accumulation, the time of the noncoherent TBD accumulation is limited by some factors:
1) The trajectory of a near space target always is a curve, which destroys the linear trajectory precondition of the traditional Radon(or Hough) transform.
In order to illustrate the advantages of the proposed method, we simplify the problem to the distance-time plane. First, we compare the adaptability of different methods to target trajectory. Figure 4 shows the cases of a target moving with different-order motion.
For uniform linear motion, the Radon transform, Smethod, and the proposed VDAH-RT all can realize the energy accumulation. For the radial uniformly accelerated motion or higher-order motion, a Hough transform can only accumulate energy for a section of an approximate straightline trajectory. The S-method and the proposed VDAH-RT method theoretically can accumulate energy along the entire curve trajectory of quadratic or higher order. So, it can be seen that the proposed VDAH-RT and S-method have a stronger ability to accumulate maneuvering trajectories than Radon transform. Too many independent hypotheses will lead to higher false alarm probability in signal detection. For a range-time dimension detection, the independent hypothesis numbers of RT, the S-method and the proposed VDAH-RT in parameter space is shown in Table 2 . From Table 2 , the analysis shows that the performance of the first-order VDAH-RT is the same as that of the Radon Transform. We can consider the Hough transform as the first-order special case of the proposed VDAH-RT. The second-order VDAH-RT has a larger number of independent assumptions than the first-order VDAH-RT because it searches in the space of velocity and acceleration. However, only the second-order or higher-order VDAH-RT models can accumulate the trajectories of maneuvering targets better.
Because the independent hypothesis number of S-method increases exponentially when V max t/ R is large, the number of independent hypotheses will increase sharply. For example, assuming that the discretized range resolution unit is 500m, the radar frame period is 2s, the maximum speed is 3400 m/s, the processing window of TBD is 7 frames, then the number of independent hypotheses will reach 6.3275 × 10 6 N SNR . But if the target speed is 300 m/s, the number is only 2.98N SNR . For the proposed VDAH-RT, it is just necessary to satisfy the following formula:
where w R N Frame represents the range gate width of the last frame.
We suppose that the distance gate width is 1000m, and then calculate that the speed step and the acceleration step are respectively 41.7m/s and 6.9m/s 2 . The corresponding independent hypothesis number is 81N SNR for first order form and 1158N SNR for second form. It can be seen that the number of independent assumptions of S-method is much larger than that of the proposed VDAH-RT method.
Therefore, the proposed VDAH-RT method has advantages over the traditional Hough Transform method for maneuvering track accumulation, and has advantages over the S-method for fewer independent assumptions in hypersonic target scenario.
V. NUMERICAL EXPERIMENTS A. SIMULATION SCENARIO
To verify the proposed VDAH-RT method, this section gives some detailed numerical experiments. The parameters of an experimental searching radar are given in Table 3 . The target simulation parameters are shown in Table 4 . The target is executing a skip from the atmosphere, which has a large radial velocity and a large radial acceleration. The positive velocity means the target is moving toward the radar in the radial direction. Conversely, the negative velocity means the target is moving away from the radar in a radial direction. Suppose the RCS of the target is non-fluctuating and all the targets have the same SNR, then the first threshold after coherent integration is 10dB, where SNR represents the signal-noise ratio of single pulse after pulse compression and coherent integration.
The radar scanning azimuth range is 360 degrees and the beam position azimuth is 360/5 = 72. The elevation angle range is 20 degrees, and the radar beam width is 5 degrees. The total beam position of elevation is 20/5 = 4. The maximum radar distance is 600 km. There solution unit is 150m. The corresponding range unit number is 4000. The signal-tonoise ratio of radar is SNR, and the signal amplitude of target is
where the noise is white Gaussian with a standard deviation of 1.
B. SIMULATION RESULTS AND ANALYSIS
In simulation, target measurements are generated, and then random clutters are generated within the radar range. The number and energy of the clutters are determined by the signal-to-noise ratio after pulse compression. The distance is discretized with given range resolution unit500m and azimuth/elevation resolution unit which is 5 0 .
When SNR=7dB, the figure of 3-D measurements of 7 frames are shown in Figure 6 . A 7-frames radar measurements beyond the first threshold is shown in Figure 7 .
The 7-framessimulation that is shown in Figure 7 is processed by the proposed VDAH-RT method. The signal integration map is shown in Figure 8 .
Backtrack the corresponding measurements based on the detected energy point. The detected measurements and real target measurements are shown in Figure 9 . Figure 9 shows that the target measurements can be accurately detected by the proposed VDAH-RT method.
C. OUTFIELD EXPERIMENT REAL DATA CONFIRMATION
The outfield experiment is carried out by a P-band phased array radar and radar signal simulator. The relevant results are as follows:
The radar target simulator produces a longitudinal slip and horizontal maneuvering target with a speed of 10Ma and an acceleration of 10g. The 3-D trajectory is shown Table 4 and SNR=7dB. in Figure 10 . By adjusting the power of the radar target simulator, the signal-to-noise ratio is below 10dB after a 32-pulse coherent integration.
The signal of the simulator is obtained by the outfield radar. A 7-frames radar measurement beyond the first threshold is shown in Figure 11 . The target motion time is 200 s. The radar real data is processed by the proposed VDAH-RT method with data interval 0.6 s and 2 s respectively. The results are shown in Figure 12 and Figure 13 , correspondingly.
The outfield experimental data verify that the proposed VDAH-RT algorithm can effectively measure non-coherent accumulation along the near space hypersonic maneuvering targets track with a low SNR environment after coherent accumulation. The correct detection probability is more than 90% which demonstrates the effectiveness of this algorithm.
D. PERFORMANCE COMPARISONS
Using the target parameters of Table 4 , 100 Monte Carlo simulations with different SNR environments were performed using the TBD processing of 7 scanning frames with the Smethod, RT, and the proposed VDAH-RT. The relationship between the input SNR and detection probability is shown in Figure 13 .
From Figure 14 , it can be seen that the detection probability of the RT method decreases in the case of high speed and high maneuverability. The detection probability is 0.7 in the case of a high SNR ratio. The S-Method uses a logical relation search between points to accumulate energy. It does well when there is a high signal-to-noise ratio, but it is prone to incorrect correlation at low signal-to-noise ratio. Under the same detection probability, the sensitivity of the proposed VDAH-RT method is about 1 dB higher than that of S-method and about 2 dB higher than that of RT. Therefore, the VDAH-RT method is better than the other two.
VI. CONCLUSION
In this paper, a novel approach named VDAH-RT is proposed and evaluated for the non-coherent integration detection of a near space hypersonic maneuver targets from multiple radar coherent dwells and/or scans. The trajectory of a near space hypersonic target scan is modeled by multi-helix models. The multi-dimensional helix models with different parameters can be used to match the near space hypersonic maneuvering track. Using the idea of Radon Transform, the problem of maneuvering trajectory detection is transformed into the energy peak detection problem in the VDAH-RT parameter domain. The proposed VDAH-RT technique extends the RT for straight-line features detection to an arbitrary curve trajectory. Finally, illustrative simulations are presented to compare the performance between the proposed approach, the S-method and RT under different SNR environments. The results demonstrate that the new proposed algorithm provides a great advantage in the detection and tracking of a hypersonic maneuvering dim target.
